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In this paper a study of the minimization of the radar cross section of* a thin cylinder by central 
loading is presented. The induced current on a center-loaded cylinder illuminated by a plane wave 
at an arbitrary angle is determined. The backscattered field is calculated and the optimum loading 
to achieve zero broadside backscattering is obtained. An optimum impedance loaded at the center 
of a resonant cylinder can reduce its radar cross section more than 30 dB for any aspect angle. For 
an antiresonant cylinder an optimum central loading can minimi/.*' the radar cross section in the 
broadside direction but it cannot modify appreciably the radar cross section in the off-broadside 
direction. The effectiveness and the feasibility of the loading technique for the reduction of the radar 
cross section of a metallic body is discussed. 



1. Introduction 

Many investigations have been made of methods of reducing the radar cross section of metallic 
bodies, especially with regard to applications to radar camouflage techniques. Two methods 
have been widely used: the first utilizes radar-absorbing materials, the second consists of reshap- 
ing the body to change the reflection pattern. A third method, known as the method of reactive 
loading, is the subject of investigation of this paper. 

The first known use of reactive loading to minimize the backscattering cross section was made 
by lams [1950] who applied the technique to metallic posts in a parallel-plate pillbox structure. 
Shortly after this, Sletten [1962] employed the method to decrease the radar cross section of ob- 
jects in space. Several other authors [King, 1956; Hu, 1958; As and Schmitt, 1958] have also 
studied the cross section of a cylinder with and without a central load. These investigations in- 
dicated that the cross section of a half-wavelength cylinder can be significantly reduced by the use 
of a high reactive impedance load at its center. 

Chen and Liepa [1964a] reported on the use of reactive loading to reduce the broadside back- 
scattering from cylinders illuminated at normal incidence. They showed how an optimum load- 
ing could be found for zero broadside backscattering. In the present paper, the study is gener- 
alized to the case of arbitrary incidence and considers the case of backscattering in an arbitrary 
direction. An article on doubly loaded cylinders is in preparation. 

The problem is studied by considering the current induced in a body illuminated by an electro- 
magnetic wave. We consider the case of a plane wave which illuminates a perfectly conducting 
cylinder whose radius is small and whose length is less than two wavelengths. The plane wave 
induces a current on the cylinder; this in turn produces a scattered electromagnetic field. If 
an impedance is added at the center of the cylinder, the induced current is modified; hence, so is 
the scattered field. An optimum loading of the cylinder will reduce the magnitude of the induced 
current and reverse its phase over some part of the cylinder. As the result the scattered field 
can be minimized in a direction over an aspect range. 
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For a center-loaded cylinder the induced current is first determined as a function of the 
cylinder dimensions, the midpoint impedance, and the incident electric field. Using this solution 
we calculate the scattered field and obtain an optimum impedance, i.e., an impedance which gives 
a minimum backscattering. In order to verify this solution, the calculated values of the radar 
cross sections of loaded cylinders are compared with the experimental results by Chen and Liepa 
[1964b]. Excellent agreement is found between theory and experiment. 

Throughout the study a resonant cylinder whose total length is equal to 0.43A (A = wavelength) 
and an antiresonant cylinder of total length 0.85A or 0.9A are used as typical examples. In the 
interest of simplicity, the analysis is limited to the case of a thin cylinder. The length of the 
cylinder is assumed to be shorter than two wavelengths. This dimension is in the so-called reso- 
nance region and is of special importance in radar detection. MKS rationalized units are used in 
the analysis and the time-dependence factor e i(ot is omitted. 

2. Induced Current on a Center-Loaded Cylinder Illuminated by a Plane Wave 

at an Arbitrary Angle 

When a plane electromagnetic wave is obliquely incident on a center-loaded cylinder the 
induced current can be divided into a symmetrical and an antisymmetrical component. The sym- 
metrical component is predominant in a resonant cylinder while in an antiresonant cylinder the 
antisymmetrical component dominates. A midpoint impedance has a strong effect on the sym- 
metrical component of the induced current but does not affect the antisymmetrical component. 
For this reason central loading is very effective in reducing the backscattering in the broadside 
direction but cannot modify appreciably that in the off-broadside direction. 

As the first step of the analysis, the induced current on a center-loaded cylinder illuminated 
by a plane wave at an arbitrary angle is determined as a function of the cylinder dimensions, the 
midpoint impedance, arid the incident electric field. The integral equation method is used. It 
is worthwhile to note that King [1956] solved a similar problem of a center-loaded receiving antenna 
but ignored the antisymmetrical component of the antenna current. His results are also too 
complicated for our purpose. We use a somewhat different method to determine the induced 
current on a center-loaded cylinder as an explicit function of the midpoint impedance. 

2.1. Integral Equation for the Induced Current 

The geometry of the problem is as shown in figure 1. A cylinder with a radius a and length 
2h is assumed to be perfectly conducting. A plane EM wave is incident to the cylinder at an angle 



gap = 26 



r\ 



= h 



FIGURE 1. A center-loaded cylinder illuminated 
obliquely by a plane EM wave. 
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6. A lumped impedance Zl is connected at the center of the cylinder. The dimensions of in- 
terest are 

] X < 2h < 2A 
4 

/88*<<1, 

where A is the wavelength and /3o is the wave number. The second condition implies that the 
cylinder is thin and only the axial current is induced. 

The tangential component of the incident E field along the cylinder is assumed to be 



E in -=E cos Oe-JPo** 9 * 



(1) 



where Eo is a constant. 

The current and the charge on the cylinder maintain a tangential electrical field at the surface 
which can be expressed as 

E " = ~fz~ i0iAz ( 2 ) 

where (/> is the scalar potential maintained by the charge and A z is the tangential component of 
the vector potential maintained by the current. By using the Lorentz condition, 

♦-J3V-1 (3) 

Hi) 

Equation (2) can be expressed as 

The electric field maintained across the gap at the center of the cylinder can be expressed as 

E? = Zl/ 8(z) (5) 

where Z /y is the center load, /<> is the induced current at the center of the cylinder and 8(z) is a 
delta function. 

Since the tangential electric field should be continuous at the boundary we obtain the following 
equation 

E» g + E? = ZJo8(z) (6) 

for — h < z < h. 

Equation (6) implies that the total tangential electric field vanishes on the surface of the cylinder 
and maintains a voltage drop of ZJ across the gap at the center of the cylinder. 
The substitution of (1) and (4) in (6) gives 



d 2 B 2 



E, 



, cos 0e-->'V in ^-ZJ o o(z)l 

for — h<z<h. (7) 
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The general solution for A z is the sum of the complementary function and a particular integral 



vo 



C\ cos /3oz+C 2 sin fioZ+Q(z) 



(8) 



where vo is I/V/X060, C\ and C>> are arbitrary constants, and where the particular integral B(z) can 
be obtained as 



6(z)= £ ° a e-^>-n^_I Z//o sin £ () | 2 |. 
/3 cos 6/ 2 

In (8), A z can be divided into a symmetrical and an antisymmetrical component 

A z {z)=A%z)+A%(z). 
Thus 



-; 



A%z)-- 



V() 






U 1 

C\ cos Boz + — ~ cos (Bqz sin 0)— - ZJq sin floLzl 

po cos 2 



C 7 

C 2 sin Boz—j — sin (Bqz sin 6) 

po cos 



(9) 

(10) 

(11) 
(12) 



We also divide the induced current on the cylinder into a symmetrical and an antisymmetrical 
component: 

Uz) = ll(z)+I?(z) 

and, by the assumed symmetries, 

I,(z) = I z (-z), I a z (z) =-/?(- z). (13) 

From the definition of the vector potential, we can write A z in terms of I z as follows: 



A%z) = J ^ L P I%{z')K a (z,z')dz' =- i 



Eo 1 

Cicos j8oZ + - -eos(/3ozsin 0) — -Z/J sin SoUl 

po cos 2 ' 



(14) 



^« = T^ f* I a z {z')K a { Z , z') dz' =^~ 



£ 

C 2 sin /Boz—j- sin (Boz sin 0) 

p o cos0 



^here 



K a (z, z')-~ 



-JPqJTz 



^{z-z'f + a 2 
Equations (14) and (15) are integral equations for the induced currents, Ii(z) and 1Hz). 



(15) 



(16) 



2.2. Symmetrical Component of the Induced Current 

The symmetrical component of the induced current I* z {z) is determined from (14). The details 
are given in appendix 1. The final solution for /|(z) is 
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/•(*) 



jEo 



3op cos e 

+ 



cos (Poh sin 6) - M{T m - N 2 T sa 
cos Poh-MtTca-NtTsa _ 

TVi cos (poh sin 6) - N,M 2 T Ra ± M X N 2 T C<1 - /V 2 cos ftpA 

COS pJl-MtTca-NlTia 



M\ (cos /3oz — cos Poh) 

sin fio(h— \z\) 
Mo [ cos (j8oz sin 6) — cos (/3o^ sin 6) ] 



where 



AT 1 = 



^2 



Mi=~r-(l-cos/3 /i) 

— Zl sin /3oh{l — cos /3oA) 2 
T cd Z L sin 2 /3oA —j60T C dTsd cos /V? 

M 2 = =r- [1 - cos (/3 A sin 0)] 

— Z/, sin /3o^[l ~ cos {fioh sin 0)] 2 
TedZ L sin 2 /3 {) h—j60To (i T s(i cos /3<>/i 



(17) 

(18) 
(19) 

(20) 

(21) 



The constants, T c a, T 8 <i, Tea, T ca , T sa , and Te„ are defined in appendix 1. They are functions of 
cylinder size, h and a, and the angle, 0, of the incident EM wave. 

Equation (17) gives a complete expression for the symmetrical component of the induced 
current on a cylinder with a center load Z/„ when illuminated obliquely by a plane EM wave at 
an angle 9; I z (z) is expressed as a function of the cylinder size, the center load Z/„ and the incident 
angle 6 of an EM wave. 

2.3. Antisymmetrical Component of the Induced Current 

By solving (15), the antisymmetrical component of the induced current I^(z) can be determined 
as in appendix 2. The final solution for I z (z) is 



/?(*) = 7 



£0 



30/3 cos e 



h sin (po/z sin 6) sec — sin I — — sin 

TM2)-\secPohTa<h) 

• [sin (/3()h sin 6) sin /3qZ — sin fioh sin {/3qZ sin 6)] ■ (22) 



The constants T a (h/2) and T a (h) are defined in appendix 2 as functions of cylinder size, h and «, 
and the angle, 0, of the incident EM wave. 

Equation (22) gives the complete solution for the antisymmetrical component of the induced 
current on a cylinder with a center load Z 1 and illuminated obliquely by a plane EM wave at an 
angle 0. The important point we observe from (22) is that /®(z) is a function of the cylinder size 
and the incident angle only, and is entirely independent of the center load Z /,. The result is not 
surprising because I"{z) is always zero at the center of the cylinder and an impedance loaded at 
the center of the cylinder cannot have any effect on I z {z). 

The total current induced on a cylinder is the sum of I s z (z) and I*{z). Since I%(z) is a strong 
function of Z/, and I"{z) is independent of Zl, the introduction of an impedance at the center of 
the cylinder can modify !%{z) greatly but does not affect 7?(z). In general, I%(z) is zero or small 
compared with Ii(z) when is zero or small. Therefore, we can expect to minimize the backscatter- 
ing at or near the broadside direction by central loading because the backscattering in these direc- 
tions is due mainly to I s z (z). Moreover, in a resonant cylinder (2 h ~ (1/2 + ra)\), I s z (z) is the 
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predominant component and central loading can actually reduce the backscattering in any aspect 
angle. In an antiresonant cylinder (2/i ~ n\), central loading can minimize the broadside back- 
scattering but the off-broadside backscattering at 6 — 40° cannot be reduced by central loading 
because it is due to a large I ( £(z). . 

Some examples in the following section will illustrate these phenomena more clearly. 

3. Numerical Examples for Some Special Cases 

To show the dependence of the induced current on the center load Zl, the cases of a resonant 
and an antiresonant cylinder illuminated by a plane wave at the broadside direction are considered 
in the first and the second example. The dependence of the induced current on the incident 
angle 6 is shown in the third example. 

3.1 . Induced Current on a Loaded Resonant Cylinder Illuminated by a Plane Wave at Normal 

Incidence 

When a plane wave is incident normally (0=0°) on a cylinder the backscattering is highest in 
this direction. The symmetrical component of the induced current I s (z) is maximum and the 
antisymmetrical component I"(z) is zero for this case. In a resonant cylinder with 2h — (1/2 + ti)A, 
we will see that the magnitude and the phase of I%z) can be significantly modified by a center 
load Zl. 

When = 0°, I s z (z) can be obtained from (17) to (21) as 



I%^ JE ° 



30ft, 



1 



cos f3 h-M 1 T ca -N l T Sl 



[MiicosPoZ-cospofy + Ni sin/3 (A- \z\)] (23) 

where M\ and N\ are expressed in (18) and (19). It can be shown from (22) that /£(z) = when 
= 0°. 

To present a numerical example, the specific case of 

a = 0.01 73 X, 2A = 0.43 A, Z L =jX L 

is considered. In this case only the purely reactive center loads are considered because they 
can be easily obtained, in practice, from a coaxial cavity which can be installed inside the cylinder. 
The current distributions on the cylinder with various center loads are shown in figures 2 
and 3. The strong dependence of I\{z) on Z \ is evident in these two figures. The effect of Zl 
on I%{z) can be summarized as follows: 

(1) When Zl — the induced current is very large and distributes along the cylinder as a 
shifted cosine curve. 

(2) When Z L = oo the magnitude of the induced current is greatly reduced from the value for 
Z/, = and the distribution of the induced current becomes double humped with a null at the center. 

(3) When Zl is capacitive and finite, the induced current is smaller than the case of Zl = 
but larger than for Zl = c °. 

(4) When Z l is inductive and finite, the magnitude of the induced current is smaller than the 
case of Zl = oc , and the induced current starts to have three loops along the cylinder, and it is of 
interest to note that the phase of the current at the center loop is reversed. 

The most important and significant point is that when Z l is inductive and of some finite value, 
the magnitude of the induced current is reduced to a value even smaller than in the case of Zl 
= oo and the phase of the induced current is reversed at the center part of the cylinder. From this 
we can expect the existence of an optimum value for Zl which gives zero backscattering in the 
broadside direction. Actually this is the case as we can see in a later section. 

The current distributions on this specific cylinder as functions of Zl shown in figures 2 and 3 
have been confirmed experimentally by Chen and Liepa [1964a]. 
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FIGURE 2. Current distribution, I s (z), o/i cylinder of h = 0.2 15k, a = 0.0173k, = 0° for different central loads, Z, 
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FIGURE 3. Current distribution, I|(z), o/i cylinder of h^ 0.215k, a = 0.0173k, 6 = 0° for different central loads, Z L . 
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3.2. Induced Current on a Loaded Antiresonant Cylinder Illuminated by a Plane Wave at 

Normal Incidence 

An inductive impedance as the center load has been shown to be very effective in reducing 
the induced current on a resonant cylinder in the preceding example. In this example we will 
show that a purely reactive impedance is not very effective in reducing the induced current on an 
antiresonant cylinder with 2h — n\. 

We choose a specific cylinder with antiresonant dimensions as 

a = 0.0173 A, 2/i = 0.9A, Z L =jX L . 

The induced current is calculated from (23) for various Z i. The current distributions on this 
cylinder with various Z l are shown graphically in figures 4 and 5. 

In these figures we observe that the introduction of a center load usually increases rather 
than decreases the induced current of an antiresonant cylinder. However, an inductive impedance 
tends to reverse the phase of the induced current at the center part of the cylinder as we see from 
the case of Z L =j800Cl in figure 4. This suggests that although a purely reactive impedance can- 
not reduce the backscattering of a cylinder to zero an inductive impedance with a resistive com- 
ponent may be used to reverse the phase of the induced current in such a way that the backscat- 
tering vanishes. (In effect, an optimum impedance for zero broadside backscattering from an 
antiresonant cylinder requires a large resistive component, as we will see in a later section.) 

3.3. Induced Current on a Loaded Cylinder as a Function of the Incident Angle of a Plane 

Wave 

In this example, the dependence of the induced current of a loaded cylinder on the incident 
angle of a plane wave is studied. We choose two typical cases, a resonant and an antiresonant 
cylinder both loaded with an impedance cIol ' to the optimum value for zero broadside backscat- 
tering. 

The first case is a resonant cylinder with a = 0.0173 A, 2/i = 0.43A, and Zl =7*80011. The 
distribution of the symmetrical component of the induced current, I 8 z (z), for this Zl is about 20 dB 
lower than the value of I s z (z) for Zl = (see fig. 2). The information we obtained from figure 6 is 
that the distribution of I s z (z) is essentially independent of incident angle except at the center of the 
cylinder. The antisymmetrical component of the induced current, /£(z), on this resonant cylinder 
is quite small as shown in figure 7. As already noted, I%(z) is entirely independent of Zl but it is 
strongly dependent on the cylinder size and on the incident angle. Thus I z (z) is zero when 6 
is zero and it reaches a maximum value when 6 is about 45°. It is noted that the fact that the magni- 
tudes of 7|(z) and l£{z) are comparable in figures 6 and 7 is a consequence of the large reduction 
in I%(z) produced by the nearly optimum load Zl =7*8000. 

The second case is that of an antiresonant cylinder whose dimensions are a = 0.0173A, 
2h = 0.85 A, and Z L =7*60011. The distributions of l%(z) for different incident angles are shown graph- 
ically in figure 8. Again we observe that the magnitude of I s z (z) is only slightly affected by the 
incident angle. The antisymmetrical component of the induced current, /"(z), on this antiresonant 
cylinder is very large and its strong dependence upon the incident angle is shown in figure 9. 

To summarize, we observe that while the antisymmetrical component of the induced current 
of a loaded cylinder is strongly dependent on the incident angle, the symmetrical component of 
the induced current is rather independent of the incident angle if the cylinder is loaded with an 
optimum (or near optimum) impedance. This phenomenon tends to indicate that an optimum 
central loading for zero broadside backscattering will remain effective for oblique incidence cases. 
Of course, a large antisymmetrical component of the current induced on an antiresonant cylinder 
for an oblique incidence can not be controlled by a center loading. This current can be modified 
only by the double-loading technique, which loads a cylinder at two points. The double-loading 
technique will be treated in a subsequent paper. 
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FIGURE 4. Current distribution, P(z), on cylinder of h = 0.45k, a = 0.01 73k, = 0° for different central loads, Z L . 
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Figure 5. Current distribution, I|(z), on cylinder of h = 0.45k, a = 0.0173k, = 0° for different central loads, Z L 
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FIGURE 6. Distribution of 'I s (z) along a resonant cylinder for different incident angles. 
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Figure 7. Distribution o/I a (z) along a resonant cylinder for different incident angles. 
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Figure 8. Distribution oflHz) along an antiresonant cylinder for different incident angles. 
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h = 0.425X 
a = 0. 0173X 
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FIGURE 9. Distribution o/IJ(z) along an antiresonant cylinder for different incident angles. 

4. Backscattering of a Center-Loaded Cylinder Illuminated by a Plane Wave 

at an Arbitrary Angle 

The induced current on a center-loaded cylinder illuminated by a plane wave at an arbitrary 
angle has been obtained in the preceding sections. Using the solution obtained there we can 
calculate the backscattered field. 



4.1. Backscattered Field of a Center-Loaded Cylinder 

With the geometry of figure 1 and the solution of the induced current as expressed in (17) 
and (22) we proceed as follows: 

The symmetrical component of the induced current I s (z) maintains a vector potential at a point 
in the far zone of the cylinder in the direction of 6: 



A' = 



47T 



Ro J -h 



I s (z)e^o" sine dz 



(24) 



where I s z {z) can be obtained from (17) and where Ro is the distance between the center of the 
cylinder and an observation point. 

Performing the indicated integration in (24), the final expression for^J becomes 



A%(0) = 



120tt/3§ Ro 



cos 03 (> fe sin e)-M 2 Tea-N 2 T 8( . 

COS Poh-MtTca-NtTsa 



2M X 



+ 



cos* 5 v sine/ 

• [sin fioh sin cos {/3oh sin 6) — cos /3oh sin (/3oh sin #)J 

' Ni cos (jSpfe sin 6) - N x M 2 T d a + M.N^ca - N 2 cos j8 A 
cos Poh-MtTca-NtTsa 

M 2 



2[cos (/3oh sin 0) — cos f3oh] 
cos 3 



2 sin 6 cos 6 
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[2/3 h sin 0- sin (2/3oA sin 0)]\ 



(25) 



Similarly, the antisymmetrical component of the induced current I%(z) maintains a vector 
potential at a point in the far zone of the cylinder in the direction of 6: 



ia=M^ 



-JPoRo fh 



477 R () 



Mz)e*f>o z sin e da 



(26) 



where I" can be obtained from (22). After the integration in (26) is performed, 



A*(oy- 



■2 sin (j8o/i sin 6) sec — sin I — — sin 



V20tt/31 R Q 



1 



2 cos 3 6 sin 6 



T a (h/2)-] secpohT a (h) 
sin pji[(l 4- sin 2 0) sin (2/3 A sin 0) - 2£ /i sin (9 cos 2 6] 



- 4 cos f3 h sin sin 2 (j8oA sin 0) • (27) 

To obtain an expression for the backscattered field, the following argument is employed: 
The total vector potential maintained by the induced current on the cylinder is 

A z {6)=Al{e)+A%0). (28) 

The scattered electric field in the far zone of the cylinder due to the induced current is 

Ee = —j(oA e =j(oA z cos 0, (29) 



and the Poynting power density of the scattered field is 

2£„ 



(30) 



Hence, using the values of A s z {6) from (25) and A a z (6) from (27), the final expression for the back- 
scattered field becomes 



Ee{0)-- 



Eo e~ j/3o/ *° 
j8o Ro 



cos (/3p/i sin 6)-M 2 Te n -N*T m 
cos poh-MJca-NtTsa 



2Mi 



cos 2 # sin 



• [sin /3 /£ sin # cos (/3 /* sin 0) — cos /3 /z sin (fati sin 0)] 



+ 



TV 7 ! cos (p h sin (9)- NiM 2 T 0a -\- M x N^ vtt - N 2 cos /3 /z- 
cos Poh-MiTca-NtTsa 



COS^ 



2[cos (/3 /i sin 6) — cos gpA] M 2 ro/3 , . - . /00 , . ^ 

— ^ 7T~ - — a [Zfivh sin — sm (2fi h sin 0)] 

2 sin # 

1 . m , . m /Soft • /j3 A\ • , 
- sin (p () /? sin 0) sec — sin \~ir~] sin 6 



T a (hl2)-^secpohT a (h) 



1 



2 cos 2 (9 sin (9 



sin/3 A[U + sin 2 6) sin (2j8 /i sin <9)-2/3<>/i sin cos 2 0] 



• 4 cos j8o/i sin sin 2 (/3oA sin #) 



(31) 



Equation (31) gives the complete expression for the backscattered electric field of a center-loaded 
cylinder when illuminated by a plane wave with an electric field E at an angle with respect to 
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the normal to the cylinder. The radar cross sections of some loaded cylinders are calculated from 
(31) as functions of aspect angle in section 4.3. The calculated results are in excellent agreement 
with the experimental results. 

It is noted that the radar cross section is usually defined as 



(T= lim 1tt7\~ 



Ee(6) 



Co 



(32) 



4.2. Optimum Loading for Zero Broadside Backscattering 

Before we show some numerical examples of the radar cross sections of loaded cylinders, 
we will consider an optimum loading to achieve zero backscattering in the broadside direction 
in this section. 

When E(i6) in (31) is calculated as a function of for a resonant cylinder a large peak occurs 
at the hroadside direction (0 = 0°). This peak is contributed by I s z (z) on the cylinder and the con- 
tribution due to the small l%z) in the off-broadside direction is insignificant in this case. When Eo(6) 
is calculated for an antiresonant cylinder, there are three possible peaks. The first peak at 0=0° 
is due to l* z (z) and other peaks at the off-broadside directions are due to I%(z), which can be very 
large on an antiresonant cylinder. Since /|(z) can be changed greatly by a center load we seek 
an optimum loading which modifies I s z (z) so that the backscattering in the broadside direction 
vanishes. The large backscattering in the off-broadside direction due to /"(z) is not considered 
here. 

To make the broadside backscattering vanish, we can let 



Sir 



E 0(6 = 0°) = - 



2E e-tf*** 
j3o Ro 



E#(0 = ()°) = (). 



A/i (sin j8 w /t-j8»/y cos /V?) + /Vi(l - cos ft»/?) 

COS PJl-MiTca-NtTia 



(33) implies 



iVi _ sin f3 { )h — /3 {) h cos (3 {) h 
W x ~ 1 - cos p o h 

If (18) and (19) are substituted in (35), an optimum impedance [Zi] {) can be determined as 

-j60T S(i (\-/3 {) h cot p t) h) 



[Zi]o = 7 



2 cos poh — 2 -f /3 () /z sin /3Ji 



(33) 



(34) 



(35) 



(36) 



where T s</ is defined in (48) in appendix 1. 

This optimum impedance has been obtained by (men and Liepa [1964aJ and is included here 
for convenience in discussing some results in the next section. A numerical example is given 
in figure 10 in which the optimum central impedance \Zi J> for zero broadside backscattering from 
a cylinder of radius a = 0.0173A is calculated as a function of the cylinder length. In figure 10, 
we observe that, in general, the optimum loading for zero broadside backscattering requires an 
impedance with both reactive and resistive components. For a cylinder shorter than one wave- 
length a passive impedance is adequate but for a cylinder longer than one wavelength an active 
impedance which has a negative resistance is needed to reduce the broadside backscattering to 
zero. 
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FIGURE 10. Optimum central impedance [Z J for zero broadside backscattering from cylinder of radius a = 0.0173\, 

as function of cylinder length. 



4.3. Numerical Examples on the Radar Cross Sections of Loaded Cylinders 

In this section the radar cross sections of a resonant and an antiresonant cylinder with various 
loadings are calculated. T'he theoretical results are compared with the experimental results by 
Chen and Liepa [1964b] and excellent agreement is obtained. Figure 11 shows the backscatter- 
ing cross section of a resonant cylinder (2h = 0.43A) as a function of the aspect angle for three 
different loadings. When Z/, = (a nonloaded cylinder) the cross section is very large. When 
the same cylinder is loaded with an infinite impedance (Z/, = o°), the backscattering cross section 
is reduced about 20 dB. If the loading is adjusted close to the optimum value (Z lj =j600fl), a 
reduction of more than 30 dB is obtained. The optimum loading [Z/,]o for this resonant cylinder 
is 65+y'626fl. The agreement between theory and experiment is excellent. 

Figures 12 through 14 show the radar cross sections of an antiresonant cylinder (2/i = 0.85A) 
as a function of the aspect angle for three different loadings. When the cylinder is not loaded 
{Zl = 0), the backscattering is approximately constant over the aspect angle range of < < 50° 
with a slight maximum at = 40°. The theoretical and the experimental results for this case 
are compared in figure 12 in which the zero-dB level is chosen to have the same absolute scale 
as in figure 11. 

Figure 13 shows the theoretical curve for Z L =j300il compared with an experimental curve 
for Z L =j212(l. The point of interest is that for this loading the backscattering in the broadside 
direction is reduced considerably. These two curves, though with different loadings, agree quite 
well over most of the aspect range except for small 0. The maximum backscattering occurs at 
6 = 42° and its amplitude is not reduced by the loading. 

Figure 14 shows the theoretical curve for Z L =y60011 and a comparison with an experimental 
curve for Z/ v =y4150. The general behavior of these curves agrees very well. The maximum 
backscattering occurs at = 42° and, again, its amplitude is not reduced by loading. 
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FIGURE 11. Backscattering cross sections of loaded cylinders versus aspect angle (6). 
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FIGURE 12. Backscattering cross section of loaded cylinder versus aspect angle (0) 

It is noted that the optimum loading [Z/,] for this antiresonant cylinder is about 230+743511. 
In these three figures we find that the maximum cross section for an antiresonant cylinder at 
6 — 40° is not modified at all by a central loading. As mentioned before, this is due to the fact 
that this maximum backscattering is produced by the antisymmetrical component of the induced 
current, which is not affected by a central impedance. 
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FIGURE 13. Backscattering cross section of loaded cylinder versus aspect angle {$). 
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FIGURE 14. Backscattering cross section of loaded cylinder versus aspect angle (6). 



The excellent agreement between theory and experiment confirms the accuracy of the theory 
and also the feasibility of the reactive loading technique for the reduction of the radar cross section 
of a metallic body. 
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5. Conclusion 

In this paper we have shown the effectiveness of a loading technique for the reduction of the 
radar cross section of a metallic body. An optimum loading developed in (36) can be used to reduce 
the radar cross section of a resonant cylinder more than 30 dB in any aspect angle. For an anti- 
resonant cylinder an optimum loading can be used to reduce the broadside cross section to an 
arbitrarily small value but it cannot modify the off-broadside cross section, which is due to the 
antisymmetrical component of the induced current. To reduce the radar cross section of an anti- 
resonant cylinder over a wide aspect range, the double- or multiple-loading technique is suggested. 
The study on the double-loading technique will be published later. 



The author is grateful to R. E. Hiatt, T. B. A. Senior, and B. Harrison for helpful suggestions, 
to V. Liepa and E. Knott for experimental measurements, and to H. Hunter and J. Ducmanis for 
their numerical calculations. 



6. Appendix 1. Determination of I\(z) 

Instead of solving (14) directly for I'l(z), for convenience we will start from (11), from which 
c\ can be expressed as 

E 



C\ = sec /3o/? 

With (11) and (37), we obtain 
A z (z)-A z (h) 



= — sec Boh 

Vq 



jvoA 8 z (h) 



_ cos (Boh sin 0)-+ - ZJo sin B h 
po cos 6 2 



jvoA°(h)- 



£o 



j3« cos e 



— cos (/3()/i sin 0) 



(cos fioz — COS fto/l) 



+ \ ZJo sin j8»(/i-l2|) + £ " COS y [cos (jSoZ sin 0)-cos (j3„/i sin 0)\ 

Z po COS u 

With the help of (14), another integral equation for /*(z) is obtained "as follows: 

f* I 8 z (s')K d (z, z')dz' 



-J47T 



sec jQ,)/? 



jvoA 8 z {h)- 



Eo 



f3 {) cos 6 



cos (fioh sin 6) 



(cos fioz — cos j8 () /?) 



E {) cos gp/j 



-h - ZJ {) sin j8 (h — | z |) + ^" ^'^ ^"" [cos 
2 po cos ^ 



(37) 



(38) 



(fioz sin fl)-(/8o* sin 0)\\ (39) 



Kd(2,2') = Xa(2,z')-Xfl(A,z') 



(40) 



and £o is 12077. Equation (39) is valid for — h < z<h but ^(/*) and / in the right-hand side of (39) 
are still unknown. 
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However, due to the nature of kernel K ( i(z< z) which has a sharp peak at z = z\ the right-hand 
side of (39) suggests a form for the solution of /|(z) as 

I*(z) = C c (cos p z — cos fioh) -f C s sin /3 (h— \z |) + Cefcos (/3oz sin 0) — cos (/V* sin 6)] . (41) 



It is then reasonable to divide (39) into three parts as follows: 

f* 
C c (cos (Buz' — cos fioh)Kd{z, z')dz' 

J-h 



= -;47r 
So 



sec j8o/? 



jvoA s z (h)- 



E 



j8o cos 



(j8 A sin 0) 



(cos fioz — cos /3oA), (42) 



f/* ^ ^ — /27T 

C, s . sin (3o(h— \z'\)Kd(z, z')dz ' — — - — sec fiohZJo sin fto(h— |z|), 
J-// 



Co 



(43) 



C# [cos (/3 () z' sin 0) — cos (/3 /? sin 0)]A Y /(z, z'Jrfz' 

J -h 



= -^T L Q E ° « [cos (Poz sin 0)-cos (/SoA sin 0)]. (44) 
4o po cos u 

Equations (42) through (44) are well matched at the end points, z = ±h, where both sides of the 
equations become zero. Furthermore, the constants C c , C s , and Ce can be determined by matching 
these equations at the center of the culinder, z=0. This matching yields 



C c = sec p h 

4oJ cd 



jv«A s z (h)- 



E 



fio cos 



cos (fioh sin 0) 



(1 — cos p h) 



(45) 



whe 



r -'=L 



T C (i= (cos /3 ( )z' — cos fi»h)K,i(0, z')dz 



(46) 



and 



C s = ; rp sec PohZJa sin /6 /i 



(47) 



r --£ 



n rf =| sin/3„(/i-|z'|)^(0,2')^' 

-h 



(48) 



and 



^her 



Ca = ^-r- [ 1 - cos (j8 A sin 0)] 

£ O i0d p o cos0 



7fld= [cos (j8oz' sin 0) — cos (fi h sin 0)]/< rf (O, z')<&' . 



(49) 



(50) 
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The substitution of (45), (47), and (49) in (41) gives 



to 1 1 cd 



jv A%(h)- 



E 



0o cos 



cos ((Boh sin 6) 



(sec /V* — l)(cos /3oz: — cos /3 ( )/i) 



+ 7 r= r - Z// tan /3 ^ sin /3 {) {h —\z\ 

£1 sd 



1 F 

+ t^~ o Z [1 — cos (/3 A sin #)] [cos (/3 z sin 0) — cos (/V* sin #)] 

denpQ cos # 

In (51), ,4*(/0 and 7 are still unknown, but 7 () can be determined from (51). 
By definition, 

7o - 7,(0) - 7f(0) + 7«(0), but 7?(0) - 



(51) 



her 



/o = /'l(0) 



(52) 



Then 7 () can be expressed in terms of A-l{h) by letting z=0 in (51), and after some algebraic manipu- 
lation (51) itself can be rearranged to give 



7f(z) = 



-74tt 

£o 



JVoA%(h)- 



Eo 



:cos (/3o/z sin 0) 



whe 



j3 cos 

•[M/ (cos jSoZ-cosjSo/O-r-A^; sin yS (/? — |z|)] 







— - [M 2 [cos (ft* sin 6) -cos (£<>/* sin 0)]+/V 2 sin B (h - \z\)] \ (53) 

o cos 6 J 



M[ = 7 F -(svc(3 {) h-l) 

I cd 



V 



, _ — Z L tan j3 {) h(sec jgpA + cosJ3ph — 2) 
fcd^L tan j8 A sin fi {) h—jb()T ( . (i T S(i 



I 



M 2 = — [l-cos(/Usin0)] 

/0d 



/v 2 



— Z L sin /3o^[l — cos (/3o/? sin f9)] 2 
r^Z L sin 2 (3 {) h—j60To ( tT S(l cos /3 /? 



(54) 

(55) 
(56) 

(57) 



In (53) the remaining unknown is A^h). To determine it we use the definition of the vector 
potential, 



Ai(h)=^ r j" j Il(z')K ll (h,z')dz'. 



After substituting (53) in (58), Ai(h) becomes 

jE [cos (p h sin 0) (M[T ra + N[T SII ) - (M 2 T ea + N 2 T sa )] 



Al(h) = 



t'o/3o cos 6 



l-M\T cl ,-N[T M 
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(58) 



(59) 



781-700 O - 65 - { 



f* 

T ca — I (cos fioz' — cos /3oh)K a (h, z)dz 

J-h 

Tsa=[ h sin p (h- \z'\)K a {h, z')dz' 
fh 

Tea= [cos ((3oz f sin 0) — cos (yS () /? sin 0)]/<„(/?, z)dz '. 

J-h 



(60) 
(61) 
(62) 



If (59) is substituted in (53) and the result rearranged, the final form of the solution for I s z (z) becomes 



h(z) 



jEo 



30j8 cos 6 



cos (fi)/? sin 0)-M 2 Toa-N2T S(i 



cos Poh-MtTca-NtTs, 



M\ (cos fi{)Z — cos /3 /*) 



+ 



TVi cos (fiofr sin 6)-N x M 2 Te< l + MiN2T cn -N> 1 cos /3 /? 
cos fah-MxTca-NJTsa 



sin )8 (A— I ^ I) 
M 2 [cos (/8o2 sin 0)-eos (/3 A sin (9)] [ (63) 



M 



led 

— Z/, sin /3oh( 1 — cos /3o/? ) 2 
r rY/ Z L sin 2 j8 /z —jWTcdTsd cos /3 () /? 



(64) 
(65) 



and Mi and /V2 are expressed in (56) and (57). 

Equation (63) expresses 7f(z) as a function of the cylinder size, the center load Z/,, and the 
incident angle 8 of an EM wave. 

As a matter of completeness and convenience, the integrals T C d, T sf i, T#,i, T ca , T s „, and Te„ 
are expressed in terms of better known integrals: 



where 



T cd = C a (h, 0)-C„(h, h)-cos p h[E a (h, 0)-E a (h, h)] 

T $d = sin p h[CJ,h, 0)-C a (h, h)] -cos pJi[S«(h, 0)-S„(h, h)] 

T M = Cf,(h. 0)-C°(h, h)-cos (fi n h sin 6>) [£„(A, 0)-E a (h, h)] 

T ca = C a (h, h)-cos pohE a (h, h) 

7 , s „ = sin /3 hC a (h, h) — cos f3»hS„(h. h) 

T e „ = C%h, ft) -cos (p h sin 0)£„(/i, ft) 

C„(/i, ())= I cos Poz'K a (0, z'W 

f* 

C„(h. /?) = I cos (3i)z'K ( ,(h, z)dz 

1500 



(66) 
(67) 
(68) 
(69) 

(70) 
(71) 

(72) 
(73) 



Ea(K 0)=Pk o (0,zW 
E a (h, A)=J K (l (h,z')dz' 
S«(A, 0)= f " sin fBo\z'\K a (Q, z')dz' 
S a (h, A)= J sin p \z'\K a {h, z)dz 

C»{h, 0) = J cos (fa' sin 0)K a (0, z')cti 
C%h, h)= J cos 08oz' sin 0)X«(A, z')ck\ 
The integrals of (72) through (79) can be calculated on a digital computer. 

7. Appendix 2. Determination of 7 a 2 (^) 
To determine I ( i(z), we start from (12). The constant C 2 can be expressed as 



C 2 = esc fiji 



j Vo A%(h)+j 



E 



/3o cos 6 



sin {/3Ji sin #) 



Substituting (80) in (15), we obtain 

I ' I ( i(z')K a (z, z)dz 



= — cse /3<>A In ^— ; [sin (/3 ( >A sin 0) sin &# — sin /3<>A sin (/3 () z sin 0)| 

So lp<> cos 

+ MW sin jSoz 
If the solution for Zf'U) is assumed to be 

I a z {z) = C (l [s\n (/3(>A sin 0) sin /3oz — sin /3<>A sin (j3<yz sin 0)], 



(74) 
(75) 
(76) 

(77) 

(78) 
(79) 



(80) 



(81) 



(82) 



(81) is matched at z = 0. We will match (81) at two more points. 

If we set z = h/2 in (81) and use the substitution of (82), the constant C (l can be expressed as 



C a = 



1 f 2ttEq 



r„(A/2)Uoj3ocos0 



sin (p ( )/i sin 6) sec — I sin I —r- sin 6 



+^sec^?(A)| 



^here 



T a (h/2)= [sin (j3„A sin 0)sin )3«z'-sin/3„A sin (/3oz' sin 0)]K a (h/2,2:')dz'. 



By definition,^ J(A) is 



^«(A) 



477 



J* /J(*')K« 



(h,z')dz'=^C a T a (h) 

47T 



(84) 



(85) 
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where 



T„(h)= I ' [sin (fioh sin 0) sin /3 z' -sin (3 h sin (/V sin 6)]K a (h, z')dz' . 



(86) 



From (83) and {85), A%{h) is determined as 

EoT fl (h) 



A«{h) = - 



sin (p ft sin 0) sec t -r z sin I — r— sin 6 I 



O) cos 



2TM2)-sec^T a (h) 



(87) 



After substituting (83) and (87) into (82) we obtain the final form of the solution for I<*(z) 
E {) 



IUz) = 



30j8„ cos 



■j sin (p /z sin fl) sec — sin I —r- sin 6 



TM2)- Uec/3ohT a (h) 

•[sin(/3o/? sin 6) sin ftoz — sin /3<)/7 sin (jSoZ sin 0)]. 



(88) 



Equation (88) gives the complete solution for the antisymmetrical component of the induced current 
on a cylinder. It is noted that I%{z) is a function of the cylinder size and the incidence angle 
only, and is entirely independent of the center load Z/,. 

For convenience the integrals T (l (h/2) and T (l (h) are expressed alternatively as follows: 



T a (h/2)= sin (/3 {) h sin 0)S™(h 9 h I r 2)- sin PohS%h, h/2) 
T o (h) = sin(p h sin6)S™(h, h)- sin PohS°( h, h) 



/here 



(89) 
(90) 

(91) 
(92) 
(93) 
(94) 



Sg(fc, h/2)= [" sin (j8 z' sin 6)K a (hl2, z')dz' 

S?,(h,h)= j sin O802:' sin 0)£„(/i, zW 
S»(A, A/2)- P sin jSoz' K a (A/2, z'Mz' 
Sf(h,h)= [ h zmfa'K«(h 9 z')dz'. 
The integrals in (91) through (94) can be readily calculated on a computer. 
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